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INTRUDUCTION

Davis and Ramsay (P4020)

DETONATION PRESSURES OF PBX-9404. LOMPOSITION B,
PBX-9502, AND NITROME THANE

W. C. Davis and J. . Ramsay
Los Alamos National Laboratory
Los Alamos New Mexico

Measurements of detonation pressure for PBX-9404, Composition B,
PBX-9502, aiid nitromethane are presented. The interpretations of the
date are discussed, and the implications are compared with results from
other experiments. The pressures are considered from the point of view
of trheir use as calitrations for calculations, and suggestions are given
for slight changes from th2 measured value for use with limited calcula-
tion procedures.
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Data from a number of different types of
euper iments are presented and evaluated, to
nblain estimates of the detonation pressures of
the explosives PBX-9404, Composition B,
PBX-9502, and nitromethane. The desired pres-
sure is that at the end of the reaction zone in
a steady plane detonation, {.e., the Chapman-
Jouquet pressure. The results are summarized

only to plane, laminar flow, with the reaction
zone a steady flow region (i.e., the reaction
zone s independent of time in a coordinate
system attached to the plane shock wave). The
mode! then treats only detonations that propa-
gate with constant velocity and constant pres-
sure profile in the reaction rone. If the

in Table ) reaction zone i3 negligibly thin compared with
TABLE |
Summary of Ootonution Pressures and Related Data
Wave
Explosive """”;’ Pressure Vel ity
glcn 6Pa m/s 'y
PBX-9404 1.846 35.690.4 8.776 2.99
Composition B 1.730 26.320.4 7.95% 3.16
PBX-9502 1,895 28.9») 7.706 2.89
Nitromethane 1.133 (23C) 13.400.4 6.299 2.3

Interpretation of experimental data i3 never
tndependent of the mode) used. Ever a curve
through the data points implies a model, or at
ledst restrictions on a model. Figure 1 shows
a diagram of tha pressure profile for the IND
mode) of steady detonation. The leading front
is 2 shock wave that comprestes and heats the
explosive to start the chemical resction, The
region where the reaction takes plare i3 callud
the reaction zone, 03 merked on the diagram.
When the reaction s finished, expansion
continues in a nonsteady flow region. then the

the size of the explusive charge, a simpler
mode! called the C) mode) of detonation i3 often
used. Tha reaction zone in Fig. 1 shrinks to
nothing; the only part of it that remains is
the point that marks the end. This point,
called tha CJ point, is the initial state for
the following expansion. Most computer codes
for hydrodynamic calculations of systems using
explosives are based on this simple model. It
is very difficult to treat the reaction z0ne
properly in & code, in part because the IND
mode) has two time scales. A very short one i
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Fig. ). IND Mode) of a steady plane detonation

reaction zone.

needed for the reaction 20ne, and most of the
reaction takes place in a small part of the
zone, so very fine cells are required to get
enough accuracy for good simulation. A much
longer time scale is needed for the rest of the
problem, which is the interaction of the expand-
ing detonation gases with the driven metal
parts. C(oarse- cells can be used for this por-
tion. [If finc cells are used throughout both
regions, the proolem becomes prohibitively slow
and expensive because of the unnecessary detail.

The important calibration point for either
model is the CJ pressure. For the ZND model,
we define thy CJ pressure to be the pressure at
the end of the reaction zone where the unsteady
expansion attaches to the steady reaction zone,
If the real system has an appreciable reaction
zone, but is to be modeled using the CJ code,
1t may be necessary to adjust the CJ pressure
upward a little to eccount for the extra pres-
sure and mamentum in the reaction one. 1f so,
the “calibration" changes with the size of the
svstem.

From the IND model, we ree that every explo-
sive has a length and time scale of its own,
dotermined by the length and time for the
reaction to be completad. In practical arrange-
ments, the reaction zone will not be set up in
1ts steady form by the initiating system, and
the steudy state will be approached asymptoti-
cally after the transient behavior. Every
explotive is expected to have transients; the
impor tant question {3 whether they cause an
apprecisble effect in the systcms that interest
us. Tne ratio of reaction zone length to some
length characteristic of the sysiem determines
the importance of the transient effect. For a
particular system size, one aexplosive might
have negligible transient effect, while another,

with a longer reaction zone, might have a large
effect.

Some work has been done to extend [1,2] the
IND model to detonation that is slightly non-
steady, and calculations with resolved reaction
20ones have been made. The details will not be
discussed here. Instead, we look at the
experimental data to see whether transients are
important in PBX-9404 and Composition B.

The discovery, many years ago, that the
detonation velocity for an explosive composition
is a constant value characteristic of the
material, led to the postulate of a steady
reaction zone that underlies the theory.
Reversing the argument, we expect the detonation
velocity to be different from the steady value
if the reaction zone is not steady. By measur-
ing detonation velocity for different charge
lengths, the distance over which the initiation
transient has appreciable effect can be deter-
mined. Figure 2 shows measurements [3] of
detonation velocity vs charge length for
PBX-9404 and Coemposition B. The dashed lines
are the constant detonation velocities charac-
teristic of these materials. Within the small
scatter of the measurements, the velocity for
PBX-9404 1s constant at the steady value. The
transient is unimportant, at least after the
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Fig. 2. Detonation velocity vs charge length
Yor PBX-9404 and Composition B. The
dashed 1ine shows the steady detonation
velocity.
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wave has run 15 or 20 mm. For Composition B,
on the other hand, the velocity is well below
the steady value even after more than 50 mm of
travel, and we can expect to find effects of
the initiation transient in large charges.

The reaction zone length and shape, besides
setting the scale for the transient, set the
scale for edge effects. We cannot infer any
detailed relationship, but we expect that if
one explosive shows a slower decay of the
initiation transient than another, it will also
show edge effects at larger diameter than the
other does. Figure 3, from the work of Campbell
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Fig. 3. Detonation velocity vs reciproce!
charge diameter for a number of explo-
sives. The new designation for X-0290
is PBX-9502.

and Engelke [4], shows detonation velocity
plotted ayainst reciprocal radius for a hrge
number of explosives, among them PBX-9404,
Composition B, PBX-9502, and nitromethane,
Although the graph shows curves of different
shapes for different explosives, the curves for
PBX-9404 and Composition B are quite similar.
Table 1l shows a comparison of the fit parame-
ters found by Campbell and Engelke. Their ritio
for Composition B and PBX-9404 is between three
and four, which means that the scale for edge

effects 1s three or four times larger for
Composition B than for PBX-9404. Since the
reaction 2one is sampled differently by the
transient effect and the diameter effect, we
can draw nc conclusion except that the two
explosives are ordered the same way.

Magnetic probe measyrements are made by
embedding a plane metal foil in the flow system,
arranging a divergent magnetic field through
it, and placing a pickup coil outside the flow
system. When the flow moves the foil, eday
currents sre induced in i{t. These currents
change the field at the coil and induce a volt-
age. The analysis, simple in principie but
lengthy, relates the foil velocity to the
observed voltage. The data, then, are in the
form of a continuous record nf particle velocity
of the foil at a function of time.

Magnetic probe measurements for PBX-9404,
Composition B. and PBX-9502 were presented by
Davis [5]. Results are shown in Figs. 4, 5,
and 6. The data in Fig. 4, for PBX-9404, are
for five different charge lengths. There is no
evidence of a reaction-zone spike at the frunt
as in Fig. 1. The dashed lines are particle
velocities, found from a calculation for an
identical system, describing the expiosive with
a3 CJ mode) with infinitesimal reaction zone and
a CJ pressure of 35.6 GPa. The fit s adequate
within the two-percent accuracy of the measure-
ments. The data for the shortest charge length
are a little low at the front, and perhaps a
1ittle too flat to agree with the calculation.
Possibly the transient {is responsible for the
difference, but the data are not good enough to
tell. At any rate, the effect is small or
absent and certainly nc large transient effects
are present.

The data for Composition B, ¥in. 5, show a
reaction-ione spike that has an appreciable
effect out to about 1/2 us, in agreement with
the detonation velocity results. The pressure
a*t the end of the reaction zon2 is not constant,
but varies with the length of the charge. How-
ever, & calculation using a CJ model, shown by
the dashed lines, seems to be a reasonable fit
to the dats after the reaction is over. The
pressure for the calculations is 27.4 GPa. The

TABLE 11
Dicmeter Effict Parameters

D(r) = D(=) [V - A/(r - )] re = foilure radius

A
L.
PBX-9404 890
Composition B 2840
Nitromethane 2600
PBX-9502 19400

Tt
M . Al
\ 590 \
3.19 2140 3.63
2.92 1420 2.41
21.8 4500 7.63
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Fig. 4. Magnetic probe measurements of particle
velocity in a plane detonation system
using PBX-9404, The numbers on the
curves are the charge lengths, The
dashed lines are calculations of the
motion made using a CJ model with CJ
pressure 35.6 GPa.
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Fig. §5. Ha?nctic probe measurements of particlo
velocity in a plane dutonation system
using Composition 8. The numbers on
the curves 4re the charge lengths.

- The dashed lines are calculations of
the motion made using & CJ mode) with
CJ pressure 27.4 GPa.

free-surface vealocity measurements discusted
below give 26.3 G for the real CJ prassure at
the end of the resction zone. In our discussion
sbuve of the calibration of a CJ Mode! to be
used for an explosive with a resolvable reaction
tone, it was pointed out that the apparent

251 -
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Fig. 6. Magnetic probe measurements of particle
velocity in ¢ plane detonation system
using PBX-9502. The numbers on the
curves are the charge lengths. The
dashed lines are calculations of the
motion made using a CJ mode! with CJ
pressure 29.3 GPa.

pressure might have to be adjusted upward a
Tittle to make it work, and here we have an
example.

The data for PBX-9502, Fig. 6, show a reac-
tion 2o0ne spike larger than that for
Composition B, and lasting a little 1longer,
Again, the pressure at the end of the reaction
rone varies with the length of the charge, A
calculation using a CJ model with pressure
29.3 GPa 1is a reasonable fit to the data after
the reaction 1is over, The extra momentum in
the reaction gone will drive inert parts with
more energy than the calculation sugrests. and
an even higher praisure 15 needed for simple
computations.

In 1945 Goranson suggested that explosive
pressures could be inferred from measurements
of the free-surface velocities of metal plates
driven by a plane detonation wave. By firing a
ter ies of experiments with the same matal, but
with a rlnro of plate thicknesses, the shape of
the reaction one and expansion wave (see
Fig. 1) can be mapped out. Furthermore, by
firing additional series with a different metal,
the reflected shock Hugoniot curve and the
expangion {sentrope <c<urve can be mapped out,
too. An enormous number of shots has been fired
to make al! these measurements.

The results for Composition B have been
published [1,6-8) end interpreted sevaral times.
The f{aitial interpretation was, of course, in
terms of the CJ model; the latest and bast {!
uies 3 sophisticated nonsteady model to fit al
the measurements, not only of free-surface
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velocity, but diverse others. The detonation
velocity data of Fig. 2 are in agreement with
this model. The detonation wave looks, at any
chosen 1instant, much like the 2ZNK0 model shown
in Fig. 1, with the rcaction zone 1/2 us long,
and the CJ pressure 26.3 (Pa. However, the
reaction 2one profile changes with the length
of the charge. Although the measured points
near the front of the reaction zone increase
about 10 percent over the range of lengths used
for experiments, the measured pressure at the
true end of the reaction (the point that becomes
the CJ point ir the 'imit of infinite run),
increases less than one percent, and the slope
of the "Taylor wave" is hardly distinguishable
from that found for a CJ model. The only
obvious effect of the buiidup with length 1is
within the reaction zone.

Some of the Composition B data from free-
surface velocity measurements are shown 1in
Fig. 7. They give a very confused {idea of
fnitial free-surface velocity, apparently
changing with charge size. The two-reaction
model, with only a very small fraction (about
four percent) of the total energy iiberated in
the slow reaction, fits all the data very well,
Examples of Lhe fit are shown in Figs. B8 and 9;
the fits [1] to the rest of the data points are
also good. The time-dependent change is almost
entirely within the reaction zone, and later
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Fig. 7. Free-surface velocity vs plate thick-

- ness data for a one-dimensional Compo-
tition B/dural system. The charge
lengths are 203.2 mm (@), 101.6 mm
%l). 50.8 m (A), snd 25.4 m (W),
he dashed lines are the result of
calculations made using y-law equations
of state for the explosive gases and a
Mie-Grureisen equation of state for
the dural. They correspond to CJ
pressures of 26.8 and 29.3 GPa.
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Fig. 8. The free-surface velocity of dural
plates induced by a 203-mm charge of
Compositiun B. The solid line s
cdlculated from the mou~l; the dashed
lines i3 for a CJ mouel with py e
29.3 GPa.

expansion is nearly unaffected. The meas.i-ement
technique exaggerates the effect, because it
samples the Taylor wave only very close to the
front.

Free-surface velocity data for PBX-9404,
although extensive, have not been published,
and the experimants themselves are not satis-
factorily described and discussed. Some inter-
pretation [9) was done. Apparently, the reason
for this near absence of publications arose
becsuse the first set of measurements was
classified whean PBX-9404 was new, and workers
have failed to publish, rather than face the
problems of relating their new dats t~ older
classified data. Figure 10 shows our collection
of the measured points, for free-surface veloc-
ity of dural plates driven by a plane wave
detonation in PBX-9404, The curves in Fig. 10
are calculated frew-surface velocities using
the PAD code; a CJ mode! and a constant-y
equation of state for the exolosive; and an
eslastir, parfectiy plastic model for the dural,
with yield strength 0.3 ©Pa and shear modulus
25 GPa. Mot of the data are fit pretty well
with this model! for & CJ pressure equal to
35.6 GPa. The points for one-inch charge length
might be better fit by 34.5 GPa, and the ones
for one-half inch length by 32.5 GPa. The
detonation velocity data shown in Fig. 2 do not
support this apparent observation of pressure
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Fig. 9. The free-surface velocities induced
into uranium by 203 mm of Composi-
tion B. The solid line is calculated
from the model; the dashed line is for
3 CJ) model with Py = 29.3 GPa.

Fig. 10, Particle velocity {n dural driven by
PAX-9404, inferred from free-surface
valocity measurements, plotted vs the
ratio of dural thicknass to explosive
thickness. The linas are cilculated
velocities for three different CJ
pressures using & C) model! for the
enplosive, and an aelestic, perfectly
plastic modal for the dural,

buildup, but the magnetic probe data in Fig. 5
could be taken to suggest it. An alternate
expianation might be that strain-rate dependent
strength of the dural must be taken into
account, The discrepancy remains to be
explained. Even so, the pressure at one-inch
length is down only three percent if the data
are fit with the simple mode! used here, and at
one-half inch the effect is 1less than nine
percent, The buildup model used to treat the
data for Composition B, discussed above, showed
that although the reaction zone profile changed
a lot, the Taylor wave changed very little. At
present we cannot understand how PBX-94C4 could
behave very differently.

Nitromethane has been used for many experi-
ments, but the data used to determine its CJ
pressure have not been published in any detail.
There is not space for them all here, but they
can be briefly reviewed. The detonation veloc-
ity results in Table 11 make us think that the
reaction zone 1s almost as 1long as that of
Composition B, but the p-essure measurements
seem to show no reaction zone effects. Bdzil
[10] has estimated that the reaction zone for
nitromethane {s about 0.07 mm long, as comparead
with his estimate for PBX-9404 of 0.02 mm. His
work uses a new model of detonation in a cylin-
der. The new theory has not yet been applied
to Composition B.

There are several sets of free-surface velo-
city data for nitromethane. One set of plane-
wave measurements is shown in Fig. i1. Thcse
seem to follow the computed Taylor wave shape,
and show no evidence of any appreciable reaction

Nitromathane (Plane Wave)

[

5

a
1.7 '
1.0

X7L

Fig. 11. Plot of some of the free-surface
velocity data for nitromethane in the
scaled plane. The line s from a CJ
mode! calculation with ;P = 13.4 GPa.
There {3 no evidence of a1y reaction-
zone effects.
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zone. Many experiments have also been done
where free-surface velocity was measured using
long cylinders of nitromethane. One cet of
these is shown in Fig. 12, plotted against the

Nitromethane (Long Tubes)

Dura! Ufs (mm/us)

SORT(X/d)

Fig. 12. Plot of some of the free-surfaca
velocity data for nitromethane. Thes2
measurements were made using cylindri-
cal charges, and are plotted in a
scaled plane to agree with Taylor's
treatment of the flow behind a curved
sonic surface, The line 1is a least-
squares fit to the pnints.

square root of the ratio of plate thickness to
charge diameter. This scaling is chosen because
the soric surface curved in a cylindrical
charge, and Taylor [11] has shown that the inert
flow following a curved sonic surface has this
form. The results from six different sets of
measurements are plotted in Fig., 13. The inter-
pretation of these data is given in the figure
czption. The best estimate for the CJ pressure
fs 13.4 & 0.4 GPe, for comercial nitromethane
(97.5 percent nitromethane, with nitroethane
the main impurity) at 23 C.

The free-surface velocity data for PBX-9502
are not nearly as extansive as they are for the
other explosives discussed here. Figure 14
shows the dita obtained for charges which are
12.7, 25.4, and 50.8 mm .ong by 108 mm 1n diam.
The results were obtained using the reflected-
wire technioues used for many of the other
free-surface velocity measurements reported
here. A1l charges were from the sane productlsn
lot. The average density was 1,895 ¢g/cmd,
The diameter-eftect data in Table 1 and the
maguetic probe data lead us to expect behavior
with a roaction zone effecr. comparable o that
for Composition B,

The steady-state, Infinite diameter detona-
tion velocity nf PBX-9502 It 7.706 mm/us. Using
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Fig. 13. Plot of the results from six sets of
measurements of the initial free-
surface velocity for nitromethane.
Point 1 is a cylindrical-charge set of
data taken at 0°C, and lies about 7
kbar high because of the high density
at that temperature. Point 2 is from
the plane.wave data of Fig. 11, at
23°C. Point 3 is “or the cylindrical-
charge data of Fig. 12, at 23°C.
Point 4 1is for an atypical batch of
nitromethane (96 percent NM), for
plane-wave charges at 23°C. A}l these
data are for dural plates. Point 5 s
for cylindrical charges with glass
plates, and point 6 1s for cylindrical
charges with plastic plates (Sierracin
611), both at 23°C. The straight line
1s the Rayleigh line for nitromethane.

a velocity deficit of 0056 mm/us, y = 2.89,
and reserving 1.5 percent of the energy for the
second reaction, a two-reaction mode% was fit
to the data obtained for the 25.4-mm-long
tharges. The corresponding curve for the
12.7-mm~long charges lies below the data, and
1s above the data for the 50.8-mm-long charges.
The computed curves are shown in F1?. 14 with
the recpective data. A comparison of the two-
reaction mode) using the same parameters to the
magnetic probe data is Jhown in Fig. 15. A
small systematic deviation is wnoted, but the
overall agreement {s good. The wariations
during the early part of the computed curve
arise from numerical noise. From this analysis,
we conclude that the C-J) pressure for PBX-9502
(with an {nitia) density of 1.895 g/cm3) is
28.9 » | GPa.
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PBX-~95@2 Dural Plate Purh

Plute Thickneas (mm)

Free-surface velocity vs dural plate
thickness. The points represent the
average of three measurements on each
shot. The curves were computed using
the two-reaction model with y = 2.89,
1.5 percent of the energy reserved,
and a 0.056 mm/us initfial velocity
deficit.

PBX-9502/TEFLON Interfuce

@ =« o - '! ~ ® ® 0 = n
- - - =
Time (us)

Magnetic proba data compared with two-

reaction model. The x's are averages
of two mgnetic-probe recoras for
50.8-m-Tong PAX-9502. The curve was
con:utcd using the two-reaction wmodel
ith the same parameter as used for
the curves in Fig. LB
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